Shikimic acid-G-14C, phenylalanine-U-14C, and trans-cinnamic acid-3-14C were incorporated into the gallic acid moiety of ( -)-epicatechin-3-gallate and ( -)-epigallocatechin-3-gallate in young tea shoots. The incorporation of shikimic acid-7-14C into the gallic acid was almost equal to that of shikimic acid-G-14C, i.e. decarboxylation of the side chain did not occur during the conversion of shikimic acid to gallic acid and the conversion apparently was due to dehydrogenation of the shikimic acid. These results suggest at least two pathways for gallic acid biosynthesis in tea shoots; a) a pathway through phenylpropanoid, and b) a pathway through the dehydrogenation of shikimic acid.
Esterification of gallic acid with catechins was also confirmed by tracer experiments in young teashoots.
Gallic acid (3,4,5-trihydroxybenzoic acid) is widely distributed in the plant kingdom as a constituent of hydrolyzable tannins such as chebulinic acid, chebulagic acid, and corilagin.1} In the tea plant, Camellia sinensis, most of the acid is present in the form ofesters with catechins; ( -)-epicatechin-3-gallate, ( -)-epigallocatechin-3-gallate, ( -)-epicatechin-3,5-digallate, and ( -)-epigallocatechin-3,5-digallate. 2' 3) The monogallic acid esters are the major ones in tea shoots, comprizing 12 to 19% of the dry weight.2) In contrast, the digallic acid esters appear likely to be the minor ones and their composition has not been determined. 3 ) Three pathways have been proposed for the biosynthesis of gallic acid; a) /^-oxidation of the side-chain of 3,4,5-trihydroxycinnamic acid,4?5) b) dehydrogenation of shikimic acid, presumably with 3-dehydroshikimic acid as an intermediate,6~U) and c) hydroxylation of protocatechuic acid.12>13) Shikimic acid has been demonstrated to be a good precursor for the aromatic acids in the mould, Phycomyces blakesleeanus, 6) and in plants such as Rhus typhina, Acer saccharinurn,9'10) and tea leaves.11'140 The aim of the present investigation was to obtain information on the preferential pathway in young tea shoots for gallic acid synthesis and its esteriflcation with catechins.
MATERIALS AND METHODS
Materials. Youngtea shoots were used, consisting of the apical bud and two leaves. The variety of each tea cultivar used is given in the relevant table.
Administration of radioactive precursors and fractionation of the metabolites. The methods were the same as previously mentioned with a slight modification.14) Aqueous solutions of radioactive compounds were separately administered to two tea shoots, 1.2 to 1.4g in fresh weight, through the cut stems of the shoots. The shoots were incubated at 25°C for 1.5 to 4.0hr under light in a ca. 6-liter glass chamber. Air, at 5 liters per hr, was passed through the chamber and then into an outside trap°f 5% potassium hydroxide to absorb the respiratory carbon dioxide. After the incubation, the shoots were extracted with hot 80% ethanol totaling ca. 100ml. The estracts were then separated into ethyl acetate-soluble and insoluble fractions. The ethyl acetate-soluble fraction containing phenolic compoundswas applied to a Sephadex LH-20column, and these phenolic compoundswere eluted with acetone-water (2 : 3, v/v). (-)-Epicatechin and (-)-epigallocatechin were separated from their monogallic acid esters in that order with the column chromatographic elutions. The gallic acid esters were hydrolyzed with lO mg of tannase, Sanraku Ocean Co., Ltd., 21,000 units/g, at 30°C for 2hr to give free catechins and gallic acid. The hydrolyzates were then separated by descending paper chromatography with phenol-water (3 : 1, v/v), and the radioactivity associated with gallic acid was measured.
In the feeding experiments with shikimic acid-G-14C and^ra/w-cinnamic acid-3-14C, the radioactivity present in the aromatic acid was elucidated as follows. The repeated recrystallization of gallic acid obtained by feeding shikimic acid-G-14C showed a constant decomposition point (215~220°C) and a constant specific activity. When a crystalline preparation of gallic acid, obtained from transcinnamic acid-3-14C administration, was converted to pyrogallol by heat decomposition, about 65% of the radioactivity was lost, which indicated that most of the radioactivity was attributable to the carboxyl carbon of the gallic acid. The radioactivity of the aromatic acid from glucose-U-14C and phenylalanine-U-14C administrations was insufficient to carry out the recrystallization experiment.
Preparation of gallic acid-GlArC and protocatechuic acid-G-lAC. Since there were no reports of the preparation of the two labeled acids, the methods adopted are described here in detail. Shikimic acid-G-14C was converted to 3-dehydroshikimic acid-G-14C by shikimate dehydrogenase and then oxidized to gallic acid-G-14C or dehydrated to protocatechuic acid-G-14C. The reaction mixtures consisted of 0.012 /zmol of shikimic acid-G-14C (lb^Ci, sp. act. 81.1 mCi/mmol), 10 /miol ofNADP, 100 /imol ofpotassium phosphate buffer (pH 7.0), and 1ml of crude shikimate dehydrogenase solution in a total volume of 12.0ml. The solution of shikimate dehydrogenase was prepared by suspending 200 mgof tea leaf acetone powder in 2 ml of potassium phosphate buffer.15* After incubation at 30°C for 1 hr, 0.09 mmol of unlabeled 3-dehydroshikimic acid was added to the reaction mixture and then Dowex 5OW-X8(H+) (ca. 0.5g wet weight) was added to change the pH of the reaction mixture to about 2.0. The reaction mixture was filtered and the filtrate was concentrated under reduced pressure, streaked on a Whatman No. 1, and the paper was developed by descending chromatography in a solvent system of 2-butanoneacetone-formic acid-water (40:2:
the radioactivity was found in the area corresponding to 3-dehydroshikimic acid, which was detected by the periodate-aniline reagent,17) with small amounts of radioactivity in the 3-dehydroquinic, shikimic, and protocatechuic acids. The radioactive 3-dehydroshikimic acid on the chromatogram was extracted with 80%eth-anol and the extract was concentrated to a small volume after adding 0.23 mmol of unlabeled 3-dehydroshikimic acid. The radiochemical yield was 75%, sp. act. 0.023 mCi/ mmol.
A part of the 3-dehydroshikimic acid-G-14C sample was chemically oxidized to gallic acid-G-14C by the method of Haslam et al.6) Four ml of Fehling's solution (0.54 mmol of cupric sulfate, 2.4 mmol of sodium potassium tartrate, and 5.0 mmol of sodium hydroxide) was added to 0.16 mmol of 3-dehydroshikimic acid-G-14C (3.7^Ci) in 4ml of water, and the mixture was kept at about 60°C for a few minutes until the color changed from blue to brown. The reaction mixture was centrifuged at 1000 x g for 5min to remove the insoluble cuprous oxide. After the pH of the sample was changed to about 2.0 by addition of Dowex 50W-X8 (H+), the mixture was extracted with ethyl acetate. The extracts were concentrated and purified by paper chromatography with the same solvent system mentioned above. Gallic acid, detected by the potassium ferricyanide-ferric chloride reagent, was extracted from the chromatograms with 80%ethanol and concentrated.
The yield of gallic acid-G-14C from 3-dehydroshikimic acid-G-14C was 73%. Protocatechuic acid-G-14C was prepared by dehydration of 3-dehydroshikimic acid-G-14C by the method of Salamon and Davis.18) Two ml of 36% HC1 was added to 0.08 mmol of 3-dehydroshikimic acid-G-14C (1.85 fid) in 2ml of water and the mixture was kept for 2 min in boiling water. By the same separation procedures adopted in the gallic acid-G-14C preparation, protocatechuic acid-G-14C was obtained from 3-dehydroshikimic acid-G-14C in a 90% yield. The preparations of gallic acid-G-14C and protocatechuic acid-G-14C were used at a specific activity of 0.023 mCi/mmolfor tracer experiments.
Measurement of radioactivity.
Radioactivity was determined with a liquid scintillation spectrometer, Aloka LST-502, using a toluene-ethylcellosolve cocktail (1 : 1, v/v, 7 g of PPO and 1 g of DMPOPOPin 1 liter of solvent). Portions of the paper chromatograms bearing the compounds to be assayed were cut into strips and extracted with a small volume of 80%ethanol before addition of the scintillator cocktail for these radioactivity measurements.
Chemicals.
Glucose-U-14C (5mCi/mmol) was purchased from The Radiochemical Centre, Amersham, England, shikimic acid-G-14C (20.7mCi/mmol and 81.1 mCi/mmol) and phenylalanine-U-14C (40.5mCi/ mmol) from NewEngland Nuclear, rrarcs-cinnamic acid-3-
Atomique. Shikimic acid-7-14C (5 mCi/mmol) was generously supplied by Prof. Zenk, Ruhr-Universitat, West
Germany. The specific activities of the radioactive precursors, except for gallic acid-G-14C and protocatechuic acid-G-14C, were adjusted to 5mCi/mmol before administration.
RESULTS
Pathway of gallic acid biosynthesis Incorporation of radioactivity into the gallic acid moiety of ( -)-epicatechin-3-gallate and (-)-epigallocatechin-3-gallate was investi- Table I . Incorporation of 14C from Glucose-U-14C, Shdcimic Acid-G-14C, Phenylalanine-U-14C, and trans-CiNNAMic Acn>3-14C into the Gallic Acid Moiety of ( -)-Epicatechin-3-gallate and ( -)-Epigallocatechin-3-gallate in Tea Shoots Two young tea shoots ofcultivar C-81 harvested on May 19, 1978 were used. An aqueous solution (0.3 ml) containing 10 /iCi of glucose-U-14C, 1.5 /iCi of shikimic acid-G-14C, 1.5 //Ci of phenylalanine-U-14C or 1.5^uCi of trans-cinnamic acid-3-14C, was administered to the shoots, which were incubated at 25°C for 1.5 hr under light of approximately 40,000 lux. Abbreviations: GA, gallic acid; ECG, ( -)-epicatechin-3-gallate; EGCG, ( -)-epigallocatechin-3-gallate. a 100 x radioactivity in each fraction/total radioactivity absorbed. b The ethanol-soluble fraction plus the insoluble fraction. Abbreviations: SA, shikimic acid; EC, ( -)-epicatechin; EGC, ( -)-epigallocatechin; GA, ECG and EGCGare explained in Table I. gated using four labeled compounds; glucose-U-14C, shikimic acid-G-14C, phenylalanine-U-14C, and trans-cinnamic acid-3-14C. Table I shows that glucose-U-14C was poorly incorporated into the gallic acid, probably due to its broad metabolic divergence and dilution in the tissue. In contrast, shikimic acid-G-14C was most efficiently used for gallic acid biosynthesis as has been described by others,6'10'11'14* followed by trans-cinnamic acid-3-14C and phenylalanine-U-14C. As described Materials and Methods, the radioactivities of gallic acid were measured at the paper chromatographic locations. Therefore some experimental errors could not be avoided, but the radioactivity in gallic acid derived from trans-cinnamic acid-3-14C was confirmed by recrystallization. The use of the latter two C6-C3 aromatic compounds, i.e. /nms-cinnamic acid-3-14C and phenylalanine-U-14C, in gallic acid biosynthesis clearly indicates that hydroxylation of the aromatic ring and oxidative degradation of the alkyl group occurred in the tea shoot tissues. The efficient incorporation of shikimic acid suggested that the alicyclic acid was directly dehydrogenated to yield gallic acid via Cg-Ci intermediates, however, conversion to gallic acid could also occur by another pathway through phenylpropanoid compoundsas trans-cinnamic acid.
To make clear the pathway of gallic acid synthesis from shikimic acid, the incorporation of shikimic acid-7-14C was compared with that of shikimic acid-G-14C (Table II) . In two cultivars, shikimic acid-7-14C was not incorporated into catechins but into gallic acid. On the other hand, the incorporation of shikimic acid-G-14C into catechins and gallic acid was observed as reported in a previous paper.14) Table II illustrates that the radioactivity of shikimic acid-7-14C was incorporated into gallic acid at almost the same rate as that of shikimic acid-G-14C, i.e. the carboxyl carbon of the shikimic acid was not lost during the conversion. These observations imply that the conversion of shikimic acid to gallic acid was not through phenylpropanoid compounds but was through the dehydrogenation of shikimic acid. The radioactive carboxyl carbon of shikimic acid-7-14C was lost presumably by decarboxylation in the conversion of prephenic acid to phenylpyruvic acid in the shikimic acid pathway.
Dehydroquinic acid-G-14C and dehydro- Table III . Utilization of Gallic Acn>G-14C and Protocatechuic Acid-G-14C in the Formation of (-)-Epicatechin-3-gallate and ( -)-Epigallocatechin-3-gallate in Tea Shoots Expt. 1: cultivar Benihomare harvested on November 27, 1979 was used; the radioactive acids, 0.3 /zCi, were administered to tea shoots, which were incubated at 25°C for 1.5 hr under light of approximately 40,000 lux; toral radioactivity absorbed of GA-G-14Cwas 924.9 x 103 dpm and that of PA-G-14C was 852.0 x 103 dpm. Expt. 2: cultivar Benifuji harvested on October 17, 1980 was used; the acids, 0.3^Ci, were administered, incubated at 25°C for 3.5 hr under approximately 6000 lux; total radioactivity absorbed of GA-G-14C was 150.4 x 103 dpm and that of PA-G-14C was 250.8 x 103 dpm.
Percentage of radioactivity absorbed by shoots Tables I and II. shikimic acid-G-14C were also found to be good precursors for gallic acid biosynthesis. Their incorporation rates were almost the same as that of shikimic acid-G-14C (data not shown). These three alicyclic acids seem to be immediate precursors for gallic acid biosynthesis in tea shoots.
Esterification of gallic acid with catechins Because most of the gallic acid in tea shoots occurs in the form of esters with catechins it was suggested that active esterification takes place in the young tissue. Therefore tracer experiments, using gallic acid-G-14C and protocatechuic acid-G-14C, were undertaken (Table III) . As expected, in the two experiments which differed in the tea cultivars used, harvest time, and incubation conditions, radioactivity from gallic acid-G-14C was de- were absorbed to tea shoots in the experiments shown in Table I ; the absorbed quantities were either the same or below the endogeneous levels. Therefore, there remains a problem that the efficiency of incorporation of the compounds might be a little different from that occurring during "natural" metabolism.
Shikimic acid was the most efficient precursor of gallic acid in these experiments. Although the findings might not prove that shikimic acid dehydrogenation is the major pathway to gallic acid formation in tea shoots, the pathway maybe preferred in the plant for the following reasons: 1) it is shorter than a pathway through phenylpropanoid which involves endergonic processes, and 2) in a previous paper14) the accumulation of gallic acid was less affected by light intensity, which suggests that its biosynthesis does not include a light regulated step like phenylalanine ammonialyase.
Gallic acid is presumably esterified with (-)-epicatechin and (-)-epigallocatechin to form the catechin gallates in young tea shoots. Because the pool size offree gallic acid is small in tea shoots in spite of the large demandfor the acid, the amount of gallic acid may be a rate limiting factor for the formation of (-)-epicatechin-3-gallate and (-)-epigallocatechin-3-gallate.
